Recently Escobedo and Mansoori (AIChE J. 42(5): 1425, 1996) proposed a new expression, originally derived from statistical mechanics, for the surface tension prediction of pure fluids. In this report, the same theory is extended to the case of mixtures of organic liquids with the following expression, 
,m are the temperature-independent compound-dependent parameters for the liquid and vapor, respectively. P c,i , T c,i and x i are the critical pressure, critical temperature and the mole fraction for component i, respectively. P 0,i is the temperature-independent parameter for component i and m ij is the unlike interaction parameter.
Using the proposed equation surface tensions of 55 binary mixtures are predicted within an overall 0.50 AAD% which is better than the other available prediction methods. When the
Introduction
The surface tension of a liquid mixture is not a simple function of the surface tensions of the pure liquids. Also, the composition of the bulk phase and the composition at the vapor-liquid interface are not always the same. At the interface, there is migration of the species having the lowest surface tension, or free energy per unit area, at the temperature of the system. This migration at the interface results in a liquid-phase rich in the component with the highest surface tension and a vapor phase rich in the component with the lowest surface tension (Teixeira et al., 1992 , Croxton, 1986 , Carey et al, 1980 Winterfield et al., 1978; Massoudi and King, 1975, Wertheim,1976) . According to Chapela et al., (1977) the more volatile component is adsorbed from the mixture and extends about one atomic diameter into the gas phase beyond the other species.
In most instances the bulk composition is known. However, the composition at the vapor-liquid interface is unknown. Therefore, there is a need for relating the surface tension of mixtures to bulk-phase concentrations and properties (i.e. densities).
In general, there have been several approaches for estimating the surface tension of mixtures (i) based on empirical or semi-empirical thermodynamic relations suggested first for pure fluids and (ii)based on statistical mechanical grounds.
In a recent publication Escobedo and Mansoori (1996) presented a set of new expressions for predicting the surface tension of pure fluids. These new expressions were developed from the statistical mechanical basis of the Macleod equation. It was shown that their new expressions represent rather accurately the surface tension of a variety of pure fluids over a wide range of temperatures. In this paper, the expressions proposed originally by Escobedo and Mansoori (1996) are extended to the case of mixtures.
Theory
For the surface tension of pure organic fluids, , Escobedo and Mansoori (1996) , proposed,
(1)
0.37 T r Exp(0.30066/T r + 0.86442 T r 9 )
where P is known as parachor,  l is the liquid density,  v is the vapor density, T r is the reduced temperature and P 0 is a constant which is a function of the characteristics of the molecule under 
was proposed as a corresponding-states expression for the temperature-independent, AIChE Journal, Volume 44, No. 10, pp. 2324 -2332 , October 1998 PREPRINT 3 compound-dependent parameter P 0 . In this equation, R * = Rm/Rm,ref; Rm is the molar refraction given by Rm = (4NA/3)[ +µ 2 f(T)] = (1/)(n 2 -1)/(n 2 +2);  and µ are the polarizability and the dipole moment of the molecule; NA is the Avogadro's number, n is the sodium-D light refractive index of a liquid at 20¡ C; Rm,ref=6.987 is the molar refraction of the reference fluid (methane). When this generalized expression is used, surface tensions for all the 94 pure compounds can be predicted within an overall 2.57 AAD% at all temperatures investigated. Exact statistical mechanical extension of equations 1-3 to mixtures results in quite complex expressions. However, using the principles of the conformal solution theory (Massih and Mansoori, 1983 ) the following generalization of Eq. 2 for the case of mixtures will be concluded,
where  m is the surface tension of the mixture; P L 0 ,m and P V 0 ,m are the temperature-independent conformal parameters for the liquid and vapor phase, respectively; T r,m is the pseudo-reduced temperature for the mixture (i.e. T r,m = T / T c,m ); T c,m is the pseudo-critical temperature of the liquid mixture); and  L,m and  v,m are the equilibrium densities of the liquid and vapor phase, respectively. The aim of this report is the application of Eq. 4 for the prediction of the surface tension of mixtures, over the whole concentration range from the temperature-independent parameter P 0 for the pure components. In order to apply Eq. 4 to mixtures we need the following, 1. Accurate prediction of phase equilibrium properties (i.e. composition of the liquid and vapor phases, vapor and liquid densities, and saturation pressures).
2. Mixing rules for the temperature-independent parameter P 0 in order to calculate the temperature-independent parameters P L 0 ,m and P V 0 ,m for the liquid-and vapor-phase mixtures.
Prediction of Phase Equilibrium Properties
In this work, the equilibrium properties for a multicomponent mixture were calculated in two steps. First, the Peng-Robinson (PR) equation of state was used to predict the vapor pressure and liquid-and vapor-phase compositions. The PR equation of state was selected for this purpose because its parameters are known for many pure compounds and because its interaction parameters are available for numerous binary mixtures. Since the constants of the PR equation are fitted to vapor pressure data it is reliable for vapor-liquid-equilibrium (VLE) calculations. Second, the predicted compositions and vapor pressure by the PR equation were in turn used with the Riazi-Mansoori (RM) equation of state (described below) to predict the densities of the liquid and vapor phases. The RM equation of state yields more accurate density predictions than the PR equation.
PREPRINT

4
The calculations described above have been incorporated into a comprehensive computer package for vapor-liquid-equilibrium (VLE) calculations. This computer package has been used to perform the routine bubble-point and flash calculations.
The PR equation of state is given by,
where P, T, and V=1/ are pressure, temperature, and molar volume, respectively; R is the universal gas constant; a = 0.45724 R The cross-parameters are calculated using the following expression, (a
; where k ij is a binary interaction parameter. This interaction parameter is calculated using a correlation recently proposed by Gao, 1992: (1 -k ij 
where  is the molar density; T, P, T c , P c , T r , and R are as previously defined; Rm is the molar refraction; Rm,ref is the molar refraction of the reference compound(methane);  and µ are the polarizability and the dipole moment of the molecule; NA is the Avogadro's number, n is the sodium-D light refractive index of a liquid at 20¡ C (Riazi and Mansoori, 1993) . In order to apply Eq. 6 to the case of mixtures the van der Waals mixing rules and the molecular expressions for the cross-parameters (Riazi and Mansoori, 1993) have been used, Volume 44, No. 10, pp. 2324 -2332 , October 1998 
In these equations, T c m is the pseudo-critical temperature of the mixture; T c i is the critical temperature of pure component i in the mixture; P c m is the pseudo-critical pressure of the mixture; P c i is the critical pressure of pure component i in the mixture; P c ij is a cross-parameter for pressure; k ij RM is the binary interaction parameter (RM stands for Riazi-Mansoori to differentiate it from the interaction parameter used in the PR equation of state); R * m is the dimensionless molar refraction of the mixture; R * i is the dimensionless molar refraction of pure component i in the mixture; and x i is the mole fraction of component i in the mixture. The binary interaction parameter, k ij RM , is calculated using the following expression,
Mixing Rules for the Temperature-independent parameter P o This section is devoted to the development of the mixing rules for the temperature-independent parameter P o . These mixing rules may be derived considering the proportionality of P o to the intermolecular parameters(or critical properties) according to Kwak and Mansoori (1986) . Following the principle of corresponding states a reduced surface tension may be defined as
] and expected to be a universal function of T r = T/T c (i.e. the reduced temperature). Thus, it can be shown that,
It may be assumed that the temperature-independent parameter, P o,m , for the mixture will follow the same proportionality with respect to the critical temperature and pressure of the mixture,
where T c,m and P c,m are the pseudo-critical temperature and pressure for the mixture, respectively. Introducing the van der Waals mixing rules for T c,m and P c,m , Eqs. 6a and 6c, into Eq. 8 the following expression is obtained,
this equation may be further reduced to the following expression, 
notice that the term within the second bracket on the right-hand side of Eq. 11 is nothing but P o,ij
given by Eq. 7. Thus, Eq. 11may be rewritten as follows,
Eq. 12 can further be rearranged as follows, T c ij 2 / P c ij =(P c ij / T c ij )
By introducing Eq. 13 back into Eq. 10the following expression for P o,m is obtained,
Eq. 14 represents the general van der Waals mixing rule proposed in this work for calculation of the temperature-independent parameter, P o,m , for a multicomponent mixture.
The cross-parameters may be calculated using the following expression,
where m ij is a binary interaction parameter. The cross-parameters for temperature and pressure in Eq. 14 may be calculated using Eq. 6b and 6d, respectively. The temperature-independent parameter P v o for the vapor-phase mixture is calculated by replacing the x i 'sin Eq. 16 by the compositions of the vapor phase (i.e. y i 's). The cross-parameters are then given by,
Eq. 16 may be used along with Eq. 4 to predict the surface tension of binary mixtures. In the following sections the results for 55 binary mixtures are reported. Table 1 shows the physical properties of the pure fluids involved in these binary mixtures.
The most widely used mixing rules for the temperature-independent parameter, P o , in Eq. 4 used in the petroleum industry were proposed by Weinaug and Katz (1943) as follows,
Because of the simplicity of this mixing rule, it was decided to investigate the results obtained with Eq. 4 and this simple mixing rule as a preliminary step. Thus, the surface tension of all 55 binary mixtures were predicted using the following procedure (CASE 1) (a) The temperature-independent parameter P o for the pure compounds were obtained by fitting Eq. 1 to the experimental surface tension for the pure compounds. (b) Routine VLE calculations were performed using a computer package developed in our laboratory to obtain the vapor-and liquid-phase compositions as well as the saturation pressure. The results from the VLE calculations were used along with the Riazi-Mansoori equation of state to predict the vapor and liquid densities. (c) Finally, Eqs. 4 and 17 were used to predict the surface tension for the mixture.
The results obtained for this CASE 1 are reported in Table 2 . Note that the surface tension of all 55 sets of binary-mixture data can be predicted with an overall 2.64 AAD%.
Surface Tension Prediction for Binary Mixtures
As mentioned earlier, Eqs. 4, 16, 16a-16c,proposed in this work, represent the necessary expressions to predict the surface tension of binary liquid mixtures. These expressions relate the surface tension of the mixture to the bulk properties of the system such as the vapor-and liquid-phase compositions and vapor-and liquid-phase densities. Therefore, only the temperature-independent parameter P o for the pure components is needed. This parameter can be obtained by fitting Eq. 1 to the experimental surface tension data for the pure fluids. It may also be predicted using the corresponding-states expression given in Eq. 3.
In this work, we have predicted the surface tension for 55 binary mixtures and compared the results against the experimental data for these systems. The selected systems represent a wide variety of binary mixtures (symmetric, asymmetric, and slightly asymmetric). The interaction parameter, m ij , appearing in Eq. 15 has been treated as an adjustable parameter for all the mixtures investigated.
The surface tension for all the binary mixtures was predicted following the procedure outlined below, (a) The temperature-independent parameter P o for the pure compounds were obtained in two ways: CASE 2 by fitting Eq. 1 to the experimental surface tension for the pure compounds; and CASE 3 by predicting them using Eq. 3. (b) VLE calculations were performed using a computer package developed according to what was discussed above to obtain the vapor-and liquid-phase compositions as well as the saturation pressure. The results from the VLE calculations were used along with the Riazi-Mansoori equation of state to predict the equilibrium vapor and liquid densities. (c) Finally, Eqs. 4, 16, and 16a-16c were used to predict the surface tension for the mixture.
The results obtained for these two cases are also reported in Table 2 . It must be pointed out that the interaction parameter, m ij 's in CASE 2 and CASE 3 are different. Therefore, a different value for each case is reported in Table2. Table 2 contains the results obtained for CASES1, 2, and 3. This table also reports temperature, experimental data reference, and number of data points for each binary mixture.
Results and Discussion for Binary Mixtures
CASE 2
The average absolute percent deviation (AAD%) obtained when the binary interaction parameter (m ij ) was set equal to zero is reported. Note that the surface tension for all the 55 binary mixtures can be predicted within an overall 2.06 AAD%. It may also be noticed that even when m ij is set equal to zero the surface tension for most binary mixtures can be predicted with reasonable accuracy. This represents an improvement over the simple mixing rule (CASE 1)as shown in Table 2 . In a different calculation for CASE 2, the binary interaction parameters, m ij , were fitted to all binary mixtures. The best value for this parameter is also reported in Table   2 . It may be noted that this interaction parameter is small for all the systems investigated. Note also that when this optimized interaction parameter was used the surface tension of all 55 binary mixtures can be predicted within an overall0.50 AAD%. Figures 1 through 9 show the results obtained for CASE 2 when the best value for the binary interaction parameter used in the prediction of surface tension for the binary systems. Note the excellent agreement with the experimental data.
CASE 3
The AAD% obtained when the binary interaction parameter (m ij ) was set equal to zero and the parameters P o are predicted using Eq. 3 is reported in Table 2 . Note that the surface tension for all the55 binary mixtures can be predicted within an overall 3.70 AAD%. It must be pointed out that by setting the binary interaction parameters equal to zero the surface tension is purely predicted since the only adjustable parameter is eliminated. Note that predictions thus made are in good agreement with the experimental data except in a few cases where Eq. 3 fails to yield good estimates for the parameter P o . In another set of calculation for CASE 3 the binary interaction parameter (m ij ) was fitted to the experimental data. The best values for this parameter are also reported in Table2. Note that that when this optimized interaction parameter was used the surface tension of all the 55 binary mixtures can be predicted within an overall 2.10 AAD%. It should be pointed out that in the absence of surface tension data for pure compounds, Eqs. 3, 4, and 14 (CASE 3) represent an excellent tool to predict the surface tension of mixtures of organic compounds. Good predictions will be obtained even when the binary interaction parameter, m ij , is set equal to zero.
Conclusions
Based on the 55 sets of binary-mixture surface tension data analyzed in this work we may conclude that the expressions proposed in this work for surface tension prediction of mixtures are very good. These predictions are made using only the values of the temperature-independent parameter P o for the pure components in the mixture. This parameter may be obtained from experimental surface tensions of the pure components or estimated using Eq. 3. It is also worth noting that in these calculations only one adjustable parameter has been used namely the binary interaction parameter, m ij , appearing in Eq. 15.
There exist a number of other methods for prediction of the surface tension of liquid mixtures. None of the other methods are as accurate in predicting mixture surface tension except the ones by Carey et. al., (1980) and Winterfeld et al., (1978) . The latter two methods report very accurate prediction of surface tension of mixtures provided pure fluid surface tension data are available.
It may be concluded that the expressions proposed in this work are general since they have been applied to a variety of binary mixtures and the results obtained are in good agreement with the experimental data. Application of the present method to multicomponent mixtures is straight forward. However, little reliable data are available for multicomponent surface tensions for reliable comparisons. The critical properties and acentric factor were obtained from Reid et al., 1986 . The parameter P o was obtained from experimental surface tension data for pure components; The dimensionless molar refraction R* was obtained from data for molar refraction reported by Hall (1986) or calculated using the Lorentz-Lorenz function. For Iodomethane, the acentric factor was estimated by predicting the vapor pressure at Tr = 0.7 using the Antoine equation for vapor pressure prediction. The constants for this equation were obtained from Hall (1986) . For Iodomethane there was no experimental critical compressibility factor. Shipp (1970) ; C : Schmidt et al., (1966) ; D : Lam and Benson (1970) ; E : Luengo et al., (1988); F : Texeira et al., (1992) ; G : Evans and Clever, 1964; H : Aracil et al., 1989 . AIChE Journal, Volume 44, No. 10, pp. 2324 -2332 , October 1998 PREPRINT 13 (Shipp, 1970) . Data for the system benzene -o-xylene was taken from Lam and Benson (1970) . The solid line represents the values calculated with Eqs. 4 and 16. 
Figure 9
Surface Tension, , versus mole fraction of dichloromethane in the liquid mixture at various temperatures. The squares indicate the experimental data (Aracil et al., 1989) . The solid line represents the values calculated with Eqs. 4 and 16
